The metabolism of acetate, whether through the production or consumption of the principal intermediate acetyl coenzyme A (acetyl-CoA), is of major importance in the physiology of both procaryotes (Bacteria and Archaea domains) and eucaryotes (Eucarya domain). Acetate is an end product in the energy-yielding metabolism of most facultatively and strictly anaerobic microbes. Phosphotransacetylase (EC 2.3.1.8) and acetate kinase (EC 2.7.2.1) are synthesized by these anaerobes to catalyze the conversion of acetyl-CoA and ADP to acetate and ATP, CH3COSCoA + Pi L CH3CO2PO32-+ CoA CH3CO2PO32-+ ADP ± CH3COO-+ ATP where CoA is coenzyme A. In addition, these enzymes catalyze the activation of acetate to acetyl-CoA as a first step in the assimilation or dissimilation of acetate in some aerobes and anaerobes from the Bacteria domain (27, 40) .
Acetate is the major intermediate in methanogenic microbial food chains which cycle carbon in anaerobic environments. The acetate produced from the decomposition of complex organic matter by fermentative organisms and acetogens is further metabolized by the methane-producing acetotrophs Methanothrix and Methanosarcina spp. In Methanosarcina spp., acetate is first activated to acetyl-CoA through reactions catalyzed by acetate kinase and phosphotransacetylase (9) . * Corresponding author.
These enzymes are also synthesized in many methanogens to activate acetate for assimilation into cell carbon (33) .
In addition to being an important intermediate in the metabolism of many bacteria, acetylphosphate acts as a phosphoryl donor to enzyme I of the phosphoenolpyruvate:glucose phosphotransferase system in Escherichia coli and Salmonella typhimurium via a phosphoenzyme intermediate of acetate kinase (10) . Acetylphosphate also acts as phosphoryl donor to periplasmic binding proteins (12) as well as to many response regulator proteins of two-component systems (reviewed in reference 23). More recently, it has been proposed that acetylphosphate functions as a global regulatory signal in E. coli (23, 48) .
Phosphotransacetylase and acetate kinase have been isolated and biochemically characterized from microorganisms belonging to the Bacteria domain (7, 11, 16, 24, 25, 32, 34, 36, 37, 38, 45) and from Methanosarcina thermophila in the Archaea domain (1, 21) . Despite the importance of these enzymes in anaerobic carbon cycling and in the metabolism of both aerobic and anaerobic microbes, few molecular genetic approaches have been taken in the study of these two enzymes. Cloning of the phosphotransacetylase gene from E. coli has been reported (51) , but the DNA sequence has not been published. Presently, the only gene encoding acetate kinase which has been cloned and sequenced is the ackA gene from E. coli (22) . Here we report the organization, cloning, and sequence analysis of the M. thermophila genes encoding acetate kinase and phosphotransacetylase. The overproduction and purification of both enzymes and characterization of the acetate kinase are also presented. (20) . The oligonucleotide probes were end labeled with [y-32P]ATP (30) .
Probes for determination of gene copy number were selected from deletion subclones generated for DNA sequencing. The pta-specific probe (nucleotides 254 to 1142; Fig. 1 (5) . Restriction fragments of the phage DNA which hybridized to the radiolabeled mixed oligonucleotide probes were subcloned into pUC18 in both oricntations, and deletion clones for sequencing were generated by using exonucleases III and VII. DNA for sequencing was subcloned into the multiple cloning site of the sequencing vectors M I 3mp 18 and M 13mpl 9 for single-stranded sequencing using the Sanger dideoxy-chain termination method (31) Fig. 1 ). The amplification was performed in a DNA Thermal Cycler (Perkin-Elmer Cetus). Blunt ends were created on the PCR amplification products by using T4 DNA polymerase. The purified blunt-ended PCR products were subcloned into the SmaI site of a pUC19 vector derivative lacking the NcleI site, and the resulting plasmids were purified by cesium chloride density gradient centrifugation. The coding regions were then excised with NdeI and BamHI, and the fragments were cluted from an agarose gel by using the Elutrap. These fragments were subcloned into the NdeI and BamHI sites of the pT7-7 vector (39) and transformed into E. coli TB-I. The recombinant plasmids were purified by cesium chloride gradient centrifugation. E. coli BL21(DE3) was transformed with the overexpression pT7-7 plasmids containing the ack or pta gene (designated pML703 and pML702, respectively). Transformants were grown at 37°C in Luria-Bertani broth containing 100 ,ug of ampicillin ml ' and induced with 1% (final concentration) Bacto Lactose or 0.4 mM (final concentration) IPTG.
Enzyme assays. Acetate kinase activity was routinely determined with the hydroxamate assay (1), detecting formation of acetylphosphate from acetate and ATP. An enzyme-linked assay (1) with 2 column volumes of 25 mM BisTris (pH 6.5). The enzyme eluted from the column in 220 to 270 mM KCl, using a 1,800-ml linear gradient (0 to 1 M) at 6 ml min-'. Fractions with the highest total activities were pooled, and an equal volume of 1.8 M ammonium sulfate in 50 mM Tris (pH 7.2) was added. A protein sample (100 ml) was loaded onto a phenyl-Sepharose HiLoad 26/10 column equilibrated with 2 column volumes of 900 mM ammonium sulfate in 50 mM Tris (pH 7.2). The acetate kinase eluted from the column in approximately 720 mM ammonium sulfate, using a 600-ml decreasing linear gradient (900 to 0 mM) at 3 ml min'-. The fractions with the highest total activity were pooled, diluted 20-fold with 25 mM Tris (pH 7.6), and loaded on a Mono-Q 10/10 column equilibrated with 5 column volumes of 25 mM Tris (pH 7.6). The purified acetate kinase eluted in 230 mM KCl, using a 200-ml linear gradient (0 to 1 M) at 2 ml min-'.
Purification of M. thermophila phosphotransacetylase overproduced in E. coli. A 25 mM Tris buffer (pH 7.2) containing 2 mM DTT was used in all steps of the purification unless otherwise noted. Cell extract was obtained as described for the purification of acetate kinase except that the lysate was centrifuged at 4,000 x g and no streptomycin sulfate treatment was performed. The 4,000 x g pellet was dispersed in 60 ml of buffer and centrifuged as described above. The washed pellet was dispersed in 10 ml of buffer to give a final volume of 15 ml. One volume (15 ml) of 12 M urea was added to the suspension, and the mixture was incubated at 13°C for 15 min. The solution was diluted to 300 ml with buffer and incubated at 13°C for 5 h. The solution was loaded on a Q-Sepharose Fast Flow column (5 by 10 cm) equilibrated with 2 column volumes of buffer. The column was developed with a 1,800-ml linear gradient of 0 to 1 M KCl at 6 ml minm . Fractions with the highest total activity were pooled, diluted with 1 volume of 50 mM Tris (pH 7.6) containing 2 mM DTT, and loaded on a Mono-Q column equilibrated with 5 column volumes of 50 mM Tris (pH 7.6) containing 2 mM DTT. The purified phosphotransacetylase eluted in 180 mM KCl with a 200-ml linear gradient (0 to 1 M) at 2 ml min-'.
Nucleotide sequence accession number. The sequence shown in Fig. 1 was submitted to GenBank and registered under accession number L23147.
RESULTS AND DISCUSSION
Cloning, sequencing, and analysis of the DNA containing the acetate kinase (ack) and phosphotransacetylase (pta) genes. Plaque hybridization experiments were performed with an M. thermophila genomic clone bank and a radiolabeled synthetic mixed oligonucleotide probe (23-mer) based on the N-terminal sequence of the M. thermophila acetate kinase (1) . Southern blot analysis of the DNA purified from seven reproducibly hybridizing phage isolates (data not shown) indicated that each carried a 2.5-kb EcoRI fragment (Fig. 2) which hybridized to the acetate kinase-specific probe. One isolate, which contained an approximately 15-kb insert, was arbitrarily chosen for further study. A mixed oligonucleotide probe (18-mer) derived from the N-terminal amino acid sequence of the purified phosphotransacetylase also hybridized to the 2.5-kb EcoRI fragment, indicating that the two genes are located close to each other on the chromosome (Fig. 2) .
Comparison of the N-terminal sequences of the purified enzymes with the amino acid sequence deduced from the DNA indicated that the 2.5-kb EcoRI fragment contained the entire pta gene and the first 228 bases of the ack gene. The entire ack gene was isolated on two additional overlapping restriction fragments (a 1.4-kb PstI fragment and a 1.6-kb EcoRI fragment) shown in Fig. 2 . The pta gene is upstream of and adjacent to the ack gene, a result consistent with the Southern blot analysis. The sequence of the DNA containing the pta and ack genes is shown in Fig. 1 . Although these genes encode enzymes that are required for acetate metabolism in a diverse group of both aerobes and anaerobes, this is the first report of a pta gene sequence and only the second report (22) of an ack sequence.
The DNA upstream of the pta coding region (nucleotides I to 196; Fig. 1 ) contains three archaeal consensus promoter sequences ending 51, 82 , and 97 bases upstream of the initiation codon. Two of the sequences are identical to the consensus box A sequence (TTTATATA) (41) , while the third differs at only one base. A consensus ribosome binding site (AGGAGGT) (6) ends nine bases upstream of the pta coding region. The amino acid sequence deduced from the 5' end of the pta gene (Fig. 1) is identical with the 21 amino acids determined for the N terminus of the purified phosphotransacetylase (20) with the exception of the N-terminal methionine, which was not detected during protein sequencing. It is reasonable to assume that the N-terminal methionine of the phosphotransacetylase is encoded by a UUG codon instead of the more common AUG, since use of the translational initiation codons UUG and GUG, instead of AUG, is frequently documented for the methanogenic members of the Archaea domain (28) . The pta gene has the coding capacity for a polypeptide of 35, 198 Da, which is comparable to the molecular mass (42 kDa) estimated for the purified protein (20) .
Although a ribosome binding site identical to the consensus (AGGAGGT) is absent, a sequence that could potentially function in ribosome binding (GGGGT) ends seven bases upstream of the ack gene (Fig. 1) . The deduced amino acid sequence of the 5' end of the ack gene is identical to the 17 residues determined for the N terminus of the purified acetate kinase (1) . The gene has the coding capacity for a 44,482-Da polypeptide, a result which is consistent with the subunit molecular mass of the native 94-kDa o2 homodimer estimated by gel filtration chromatography (1) . Immediately downstream of the ack gene (nucleotides 2537 to 2568; Fig. 1 ) is a region of DNA that has the potential to form a secondary structure, and approximately 300 bp downstream (nucleotides 2826 to 2839; Fig. 1 ) is a thymine-rich stretch of DNA. The significance of these regions is unknown; however, stem-loop structures and thymine stretches can both function as transcriptional termination signals in the methanogenic members of the Archaea domain (6) . Within the downstream DNA (nucleotides 2576 to 2676; Fig. 1 ), there are six tandem repeats of a 17-bp sequence (TT'AACTGATCCTAT'l'). Although the significance of these repeats is unknown, other tandemly repeated sequences in intergenic regions of methanogen DNA have been reported (28) .
Total chromosomal DNA was digested to completion with various endonucleases (EcoRI, BamHI, PstI, HindIlI, AccI, KpnI, and XhoI) and probed on Southern blots with 32p_ labeled nick-translated probes specific for either the pta or ack gene. Each digest showed only one species to which the probes bound (data not shown), a result which suggests that only one copy of each gene is present per chromosome. A potential promoter sequence is present in the intergenic region (Fig. 1) , indicating that the two genes might be transcribed independently. However, it is also possible that the pta and ack genes are cotranscribed. The latter hypothesis is consistent with (i) the close proximity of the ack andpta genes on the chromosome (this work), (ii) the concerted requirement of acetate kinase and phosphotransacetylase for activation of acetate to acetyl-CoA (9) , and (iii) the observation that the synthesis of both enzymes increases when cells are grown on acetate (1, 14, 21) . Attempts to detect ack-or pta-specific mRNA species in Northern (RNA) blotting experiments were unsuccessful, a result which suggests that the mRNA may have a short half-life or is rapidly degraded under the conditions used to extract the nucleic acids.
Analysis of the amino acid sequences deduced from the M. thermophila ack and pta genes. A BLAST search of the protein data bases identified only one sequence, the deduced E. coli acetate kinase (22) , that had significant identity with the deduced sequence of the M. thermophila acetate kinase. The calculated molecular masses of the two are nearly identical (45 kDa) . With use of the alignment scheme shown in Fig. 3 , the two deduced sequences show 44% identity (60% similarity) which is uniformly distributed throughout the length of the sequences. In addition, several highly conserved regions are apparent. A comparison of the DNA sequences of the two acetate kinase genes shows 53% identity. These similarities are consistent with a common origin for the two genes. Recently, horizontal transfer of DNA was proposed to explain the high identity in deduced amino acid and DNA sequences (44 and 53%, respectively) between the type II restriction-modification systems of Methanobacterilum thermnoformiciclum and Neisseria gonorrhoeae (26) .
The deduced M. thermophila and E. coli acetate kinases contain no conserved sequences that strictly conform to the consensus ATP binding site reported for bacterial (3, 46) and archaeal (17, 44) ATP-binding proteins; however, a GX4G motif that has been implicated in nuclcotide binding (2) is conserved in both sequences (Fig. 3) . Comparison of the sequences shows conservation of glutamic acid, arginine, and cysteine residucs, all of which have been implicated in or near the active site of the E. coli acetate kinase (43, 49, 50) .
The amino acid sequence deduced from the acs gene (8) encoding the acetyl-CoA synthetase (AMP forming) from Methanothrix soehnigenii was compared with the deduced sequences of the M. thermophila acetate-activating enzymes by using the GenePro alignment program. The acetate kinase and phosphotransacetylase had only 8 and 13% identity, respectively, with the synthetase.
A Kyte-Doolittle hydropathy plot (19) (15) .
Purification of acetate kinase and phosphotransacetylase overproduced in E. coli. The ack and pta genes were subcloned into the expression vector pT7-7, and the enzymes were overproduced in E. coli. The acetate kinase and phosphotransacetylase migrated at molecular masses of approximately 42 and 37 kDa, respectively (Fig. 4) , which correspond with the masses (44.5 and 35.2 kDa) predicted from the DNA sequence (Fig. 1) . Table 1 summarizes the purification of the acetate kinase to apparent homogeneity as determined by sodium dodecyl sulfate (SDS)-PAGE (Fig. 4A) . The specific activity shown in Table 1 is twofold greater than that reported for the enzyme purified from M. thermophila (1) .
The M. thermophila phosphotransacetylase that was overexpressed in E. coli was present in inclusion bodies and had low activity. Centrifugation of cell lysate at 4,000 x g pelleted the inclusion bodies and nearly all of the phosphotransacetylase (Fig. 4B) , which had a specific activity of only 11 duced in E. coli. (i) Thermal stability. Although the temperatures for optimal growth of M. thermophila and E. coli are significantly different (50 and 39°C, respectively) (13, 52) , the optimal temperature for activity of the M. thermophila acetate kinase (65°C) was similar to the optimum for the commercially available E. coli acetate kinase (Fig. 5) . The M. thermophila enzyme was completely inactivated by preincubation in 50 mM Tris (pH 7.5) for 5 min at 55°C or greater (data not shown). This result suggested that one or more components of the assay mixture stabilized the enzyme. The acetate kinase purified from M. thermophila (in the presence of ATP) is stable at 70°C (1); thus, the effect of ATP on the thermal stability of the overproduced enzyme was investigated. The overproduced acetate kinase had full activity at temperatures up to 70°C after incubation with 10 mM ATP for 5 min. The stability profile was not significantly altered by preincubation with 200 mM sodium acetate, 705 mM hydroxylamine, 5 mM MnCl2 or MgCl2, or up to 90 mM NaCl. The enzyme was not cold labile, and no significant activity was lost when stored for at least 6 h at 4°C. The acetate kinase was stable in 50 mM Tris (pH 7.5) for at least 4 months at -20°C. Glycerol was not required to stabilize the enzyme during purification or storage.
(ii) Inhibitors. The high identity between the deduced sequences of the M. thermophila and E. coli acetate kinases, including the conservation of residues previously implicated at or near the active sites of acetate kinases purified from several full activity within 5 min, a result which indicates that inhibition by DEPC is specific for one or more histidyl residues. Preincubation of the enzyme for 5 min at 37°C with either acetylphosphate (10 mM), ATP (10 mM), potassium acetate (200 mM), or potassium phosphate (100 mM) prior to incubation with DEPC resulted in a 0, 40, 47, or 64% loss of activity. This protection against inactivation by substrates for either the forward or reverse reaction is consistent with the modification of one or more histidyl residues at or near the active site. Incubation of the commercially available E. coli acetate kinasc with DEPC, under the same conditions used to investigate the overproduced M. thermophila enzyme, also resulted in a 95% loss of activity after 3 min. However, hydroxylamine reactivated only 33% of the activity after 20 min; thus, residues other than histidine in the E. coli enzyme might be modified by DEPC.
The E. coli acetate kinase is inhibited by thiol-directed reagents, although the affected cysteine residue probably does not participate directly in the catalytic mechanism (49) . Incubation of the M. thermophila enzyme (0.24 FiM) with a 100-fold molar excess of 5,5'-dithiobis(2-nitrobenzoic acid) for h at 37°C in 25 mM Tris (pH 7.5) resulted in less than 10% inhibition of enzyme activity, compared with a loss of greater than 80% for the commercially available E. coli enzyme under the same conditions. Similar results were obtained for both enzymes with use of the cysteine-specific reagent N-ethylmaleimide. These results indicate that either (i) the M. thermophila acetate kinase has no cysteine residue corresponding in location to the modified cysteine residue of the E. coli acetate kinase or (ii) the corresponding residue of the M. thermophila enzymes is shielded from attack. As shown in Fig.  3 , there is only one conserved cysteine residue between the two sequences.
Inhibitor studies indicate that the active site of the E. coli acetate kinase contains an arginine residue essential for catalysis, probably as a binding site for the negatively charged groups of the substrates (50) . Incubation of the overproduced M. thermophila acetate kinase (0.73 ,uM) for 20 min at 37°C with 10 mM phenylglyoxal in 50 mM triethanolamine (pH 7.2) resulted in greater than 95% inactivation. Preincubation of the enzyme for 3 min with ATP (10 mM), acetylphosphate (10 mM), or potassium acetate (200 mM), before incubation for 20 min with phenylglyoxal, resulted in 61, 83, or greater than 95% inactivation, respectively. The rate of inactivation and pattern of substrate protection are similar to the results previously reported for the E. coli enzyme (50) and consistent with an arginine residue at or near the active site of the M. thermophila acetate kinase.
The M. thermophila and E. coli acetate kinases have several common properties, including (i) similar temperature optima for activity (this study), (ii) similar subunit sizes and compositions (1, 11), (iii) several highly conserved stretches of deduced amino acid sequences (this study), and (iv) inhibition patterns that implicate one or more arginine residues at or near the active site (50; this study). However, important differences also exist in the properties of these two enzymes. The E. coli acetate kinase (i) is cold labile (11), (ii) is inhibited by thiol-directed reagents (49; this study), and (iii) requires glycerol to stabilize the activity during purification (11) , and (iv) although activity is inhibited by DEPC (this study), it is not clear that the inhibition is specific for histidine. Further experiments are needed to rigorously identify residues that are at the active sites of both enzymes to determine whether the catalytic mechanisms are similar or distinct. The inhibitor studies reported here will guide biochemical and site-directed mutagenesis studies to conclusively identify which residues are essential for activity of the M. thermophila enzyme.
